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The gamma-ray vortex burst in the nonlinear Thomson scattering when the laser wakefield accelerated
electron bunch collides with an ultra-intense Laguerre—Gaussian laser that was reflected from the
refocusing spiral plasma mirror. The orbit angular momentum of the scattering laser would be transferred
to the gamma radiation through the scattering process. The 3-dimensional particle-in-cell simulations
gave the electron dynamics in the scattering, which determines the characteristics of the vortical
radiation. The radiation calculation results illustrated the burst of gamma-ray vortex and surprisingly
revealed the radiation pattern distortion phenomenon due to the nonlinear effect. This scheme can not
only simplify the experimental setup for the generation of twisted radiation but also boost the yield of
vortical gamma photons. The peak brightness of the gamma-ray vortex was estimated to be 1 x 10%
photons/s/mmz/mradz/O.l% BW at 1 MeV, which might pave the way for the researches on angular
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momentum-related nuclear physics.

Introduction

The era of vortex beams originally began with the vortex solu-
tion for the Maxwell-Bloch equations that was discovered by
Coullet et al. in 1989 [1]. Three years later, Allen et al. [2]
demonstrated that the special Laguerre-Gaussian (LG) mode
lasers carry the orbit angular momentum (OAM). Since then,
the generation and applications of vortex beams have been
explored extensively. At present, the vortex beams in the wave-
length range from visible to extreme ultraviolet (XUV) have
been applied in various fields, including matter manipulation
[3], imaging [4], nonlinear optics [5], and quantum optics [6,7].
The vortex beams in this wavelength range could be generated
by the common optical devices, such as a spatial light modu-
lator [8], spiral phase plate [9,10], g-plate [11], holograms [12],
and high-order harmonics [13,14]. However, the development
of the vortex beams in the shorter wavelength range has been
limited by technology and conversion efficiency for years [15].
With the development of microfabrication [16] and laser tech-
nologies, the generation of vortex beams from the XUV to the
soft x-ray range gradually becomes achievable, which could be
applied in some important fields, i.e., fundamental physics
[15,17,18], microscopy [19,20], spectroscopy [21,22], astro-
physics [23-25], and other potential novel applications [26,27].
However, the generation of gamma-ray vortex and the corre-
sponding diagnosis technology remain challenging.

There has been some works that investigated the twisted radi-
ation generation through the Thomson/Compton scattering
when the accelerated electron bunch interact with the external
vortical electromagnetic field [28-32]. For example, Petrillo et al.
[33] claimed the generation of kilo-electron volt vortical x-ray
when the linac electron bunch at 25 MeV collides with the pico-
second LG laser. Moreover, it is proposed to add the helical
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magnetic undulator in the x-ray free electron laser device to gen-
erate the vortical x-ray laser [34,35].

Most of these schemes are based on traditional electron
accelerator and the helical ‘trigger’ field, i.e., the additional vor-
tex laser beam or the helical magnetic field, which would bring
unpredictable difficulty and complexity for operations. In addi-
tion, laser wakefield acceleration (LWFA) that was driven by the
ultrashort high-power laser [36] could accelerate the electron
bunch with an ultrahigh peak current and an extremely short
bunch duration, which means a much higher peak brightness
and time resolution of the radiation than that from the common
light sources. For the sake of simplifying the experiment con-
figuration and boosting the yield of vortical high-energy pho-
tons, we put forward this configuration that combines the
electron acceleration and the vortical radiation generation into
one shot using a refocusing spiral plasma mirror (SPM).

In this work, we demonstrated the gamma-ray vortex burst
in the nonlinear Thomson backscattering when the accelerated
electron bunch from the LWFA collide with the ultra-intense
LG laser. A special refocusing SPM was used to refocus the
incoming Gaussian laser and simultaneously convert it into the
LG mode. The electron bunch from the LWFA has an intrinsic
ultrashort duration and a relatively high peak current, which
give an ultrafast time resolution and an extremely high peak
flux density to the vortical gamma radiation.

Methods

The vortical scattering laser is essential to generate the twisted
radiation through the Thomson scattering. As we know, the
vector potential of the LG laser could be written as,

@ (pupot) = ul (pox)e 0P =ity (1)
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where the amplitude term,

1
C 2 2
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and the phase term
-1 i + kp2X ’
Xp 2 (x2 + xzzz)
3)

in which the w(x), a,, Lg L1, p» and xj are the waist radius, nor-
malized laser vector potential amplitude, generalized Laguerre
polynomials, topology charge, radial index, and Rayleigh length,
respectively.

When the electron bunch enters this LG laser field, the
dynamics of a single electron would be dominated by the local
scattering laser field, as § | =4 /v. In addition, the radiation
field of individual moving charged particle could be calculated
by the Liénard Wiechert potential, which determines the dis-
tribution of retarded radiation field strength [37],

E,q(5t) = e ix(8-P)xp “)
B CTRYRTE

Op(pspyx) = kx+ Il — (Zp + 1] + l)tan

where the n, R, f, and ﬂ present the observation direction,
observation distance, normalized velocity, and acceleration of
the charged particle, respectively. When the # - i term approx-
imate 1, the radiation field strength would reach its peak, which
determines the direction of radiation peak. Moreover, the f
term stands for the acceleration of the electron in a laser field,
which determines the amplitude and sign of the radiation field
strength E_ (r, t). This time derivative term would oscillate in
the phase that delay n/2 with respect to the phase of the scat-
tering laser, which could be regarded as the radiation phase of
electron. For a real electron bunch, the collective radiation field
would be the coherent or incoherent superposition of the radi-
ation generated by individual charged particles. When the
electron bunch interact with the vortex laser, the electrons that
experience the azimuthal spiral laser phase would also radiate
in this spiral phase, which leads to the OAM transfer from the
vortex laser to the radiation.

The diagram of our scheme is as shown in Fig. 1, which con-
sists of the electron acceleration stage (Fig. 1A) and the scattering
stage (Fig. 1B). The first electron acceleration stage was driven
by a normal Gaussian laser in the underdense plasma, which
could accelerate the injected electrons to moderate energy. When
the driving laser leaves the underdense plasma region, a refo-
cusing SPM at the end would refocus and convert the incoming
Gaussian laser into a tightly focused ultra-intense LG laser. Then,
the accelerated relativistic electron bunch would head-on collide
with the reflected counterpropagating LG laser. The energetic
electrons that work as the relativistic Doppler reflectors could
absorb abundant fundamental photons and emit a high-energy
photon. More importantly, the emitted high-energy photons
would simultaneously carry the OAM that was obtained from
the scattering LG laser.

Converting the Gaussian driving laser into a tightly focused
LG laser is the first key issue in this work. Under the irradiation
of the relativistic laser, the normal optical devices would be
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Fig.1.Diagram of the radiation vortex burst in the nonlinear Thomson scattering with
the refocusing spiral plasma mirror (SPM). The subgraphs present the snapshots
before (A) and after (B) the laser was reflected by the refocusing SPM, respectively.

out of action because of the optical damage for certain, except
the plasma mirror. Along with this idea, we put forward the
refocusing SPM, which combines the normal spiral phase plate
and refocusing plasma mirror. When the intense Gaussian laser
impinges on the refocusing SPM, it would be triggered imme-
diately. The reflected laser would compulsively carry the phase
term ¢’ by the spiral stair structure and turn into the LG mode
as presented in Eq. 1. In the meantime, the incident laser could
be tightly refocused into a small spot, and the amplitude of the
refocused laser would be amplified dramatically. By choosing
an appropriate focus of the refocusing SPM, the peak of the
counterpropagating refocused laser could exactly meet the
electron bunch at the focal region. Owing to the high intensity
of the refocused scattering laser, the interaction would be dom-
inated by the nonlinear Thomson scattering, which would
significantly boost the yield of gamma photon [38,39].

Although the spiral phase plate could effectively convert the
incident Gaussian laser to the vortex beam, the quality of gen-
erated LG laser would be limited by the monochromaticity and
wave front of the initial laser beam. When the incident Gaussian
laser has a certain bandwidth, the converted vortex beam would
be the superposition of different LG modes, in which the
designed LG mode is dominant. Therefore, the field distribu-
tion of the converted vortex laser would be slightly deformed.
In our scheme, the Gaussian driving laser would travel in the
underdense plasma for a certain distance at the first stage; the
laser wavelength would consequently shift and broaden in this
process [40]. As a result, the deformation of the converted LG
laser would be inevitable. To minimize the wavelength shift of
the driving laser, the shorter laser wavelength, the lower plasma
density and acceleration distance were taken in the electron
acceleration stage.

Results and Discussion

The full 3-dimensional particle-in-cell (PIC) simulations were
performed by the EPOCH code [41]. The size of the simulation
box is 30 pm (x) X 40 pm (y) X 40 pm (z), which is divided into
1800 (x) X 320 (y) X 320 (z) cells. In addition, the moving
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window was used in the electron acceleration stage. A linearly
polarized (y) Gaussian laser launches from the left boundary
to the right, and the laser wavelength 4, = 800 nm. The laser
temporal profile is also Gaussian, and the pulse duration 7 =
10T;, where the T, is the laser period. The Gaussian laser focus
on the x = 0.2x, plane with the focal waist radius w, = 14 pm,
where the x; is the Rayleigh length. The focused laser peak
intensity is 1.0 x 10" W/cm®, which corresponds to the nor-
malized laser vector potential amplitude a, = % =2.2. The
underdense plasma is composed of the fully ionized helium
ions and electrons. The density profile consists of a 0.1x, density
up ramp and a 1-mm density plateau with a ramp height of
0.002#n,, where the n, is the critical density. The refocusing SPM
is made up of the electrons, O** and Si*" ions, of which the fully
ionized electron density n, = 200#.. The inner working surface
is based on a paraboloid substrate, which could be expressed
as y° + 2* = 2f(x, — x), where the f=9 pm, x, = 1050 pm, and
V/»? + z%2 < 8 um. To prevent the penetration of the incoming
laser, the longitudinal thickness of the paraboloid substrate is
2 pm. On this paraboloid substrate, the spiral stairs structure
increase linearly along the azimuthal direction from 0 to (I —
1/2)2, which could give the helical phase ¢’ to the incident
laser, where the /is the topology charge. For simplification, the
Gaussian laser was converted to the (L,p = 1,0) LG mode, and
the height of the stair structure would be 4,/2, where the red-
shifted center wavelength 4, = 0.9 pm. The number of mac-
roparticle per cell is 4 in the underdense plasma region and is
increased to 200 for the overdense refocusing SPM. To mini-
mize the numerical noise in the overdense region, the fourth-
order field solver was used in the simulations.

The electron motion data in the scattering process were
extracted from the PIC simulations to proceed the radiation
postprocessing with self-compiled codes. According to Eq. 4,
we could calculate the spatial distribution of the retarded radi-
ation field strength and the corresponding radiation spectrum
that was generated by each electron. However, limited by the
calculation cost, we just calculated the sample electrons from
an ultrathin slice (0.01 pm) and assumed that they are in the
same transverse plane. In consequence, the linear accumula-
tion on the radiation field strength of each individual electron
could be used to get the collective radiation field distribution.
To obtain the accurate radiation spectrum, the prior linear
interpolations on the trajectory and velocity of sample elec-
trons are necessary before the calculation [42,43].

Figure 2 shows the properties of the accelerated electron
bunches from the LWFA, including the snapshots of the spatial
electron density distribution (Fig. 2A), transverse divergence
angle distribution (Fig. 2B), and electron energy spectrum (Fig.
2C). Because of the critical self-injection condition, there only
emerges 2 electron clusters in Fig. 2A, and the duration of each
cluster 7, ~ 0.1T;. It is obvious that the peak density of the accel-
erated electron bunch is about 2 magnitudes higher than the
background electron density and is much higher than that of
the traditional electron accelerator. When the electron bunches
enter the scattering stage, it would carry the excess transverse
momentum along the laser polarization direction. In the per-
pendicular direction with respect to the laser polarization, the
electron momentum present the symmetric distribution, and
the corresponding divergence angles are within 15 mrad, as
shown in Fig. 2B. The energy spectrum of the accelerated elec-
tron bunches indicates the energy peak at y, = 420 with the
energy spread near 10%.
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Fig.2.The properties of accelerated electron bunches from the LWFA. The snapshots
of the spatial electron density distribution and projections (A). The transverse
divergence angle distribution (B) and the electron energy spectrum (C).
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Fig. 3. The longitudinal (A and C) and transverse (B and D) distributions of the
normalized laser amplitude before (A and B) and after (C and D) the refocus. The
transverse distributions were taken at the positions of the corresponding dashed lines.

The transverse and longitudinal distributions of the nor-
malized laser vector potential amplitude before (top) and after
(bottom) the refocus are as shown in Fig. 3. The incident laser
almost holds the Gaussian profile in transverse, and the front
of laser temporal profile was steepened by the modulation of
the front density gradient. By the refocusing SPM, the Gaussian
laser was converted into a tightly focused LG laser with the
spot radius of about 1 um at the focal plane, as presented in
Fig. 3C and D. Because of such extremely tight laser refocus-
ing, the amplitude of the refocused LG laser was increased
near 10 times to a, ~ 20, and the Thomson scattering enters
the nonlinear regime. The focal plane of the refocused LG laser
is exactly on the x = 1141 pm plane, which is the designed
focal position of the paraboloid.

The electron dynamics in the scattering process could be
illustrated by the evolution of transverse momentum p, of 4
sample electrons, and the initial transverse positions are indi-
cated in the inset, as shown in Fig. 4. Considering that the
topology charge of the scattering LG laser is = 1, the selection
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Fig. 4. The evolution of the transverse momentum p, of 4 sample electrons in the
scattering process, and the inset indicates the initial transverse positions of these
4 sample electrons.

of 2 groups of sample electrons should satisfy the central sym-
metry to reveal the impact of the helical laser phase on the
electron dynamics. The maximum amplitude of the normalized
transverse momentum p, is consistent with the a of the refo-
cused LG laser in Fig. 3C and D. The transverse momentum p
of the symmetric electrons would oscillate in the phase shift of
z while interact with the I = 1 LG laser. According to Eq. 4, the
collective radiation field of the electron slice was supposed to
be vortical as well.

The instant snapshots of the retarded radiation field strength
distributions on the co-moving detective plane (d = 10 pm) are pre-
sented in Fig. 5. The radiation field distributions present strange
patterns, which differs from our expectation for the donut-like
pattern of the scattering LG laser. The only similarity between
the scattering LG laser and the radiation pattern is the identical
topology charge. Moreover, the reason is that the f term in Eq. 4
decides the radiation phase of the charged particles, which only
delay /2 with respect to the scattering laser phase. In conse-
quence, the topology structure of the initial radiation field that
was printed from the scattering LG laser remains unchanged,
despite of the constant phase delay. In consequence, the radia-
tion pattern was supposed to be similar with the scattering LG
laser. However, this assumption was based on the premise of
the linear scattering regime, in which the laser field works as
the undulator, and the transverse deflection of radiation emis-
sion is too small to consider. When the scattering laser become
extreme relativistic, the role of the # term that determines the
radiation deflection comes into play, which would cause the
redistribution of the radiation field.

Figure 6 shows the evolution of the radiation field on the initial
emission plane and the co-moving detective plane (insets). The
corresponding vector potential distributions (red arrows) of the
LG scattering laser are also presented as references. The f#in Eq. 4
decides the observation direction of the radiation peak that is to
say the deflection angle of the radiation emission. Therefore, this
radiation deflection would be negligible in the linear scattering
regime when a < 1, and considerable radiation deflection arises
when the scattering laser becomes extreme relativistic. By fixing
the parameters of the scattering laser and electron bunches, the
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Fig. 5. The spatial distributions of the collective radiation field strength that was
generated by the electron slice on the front detective plane (d =10 pm) with different
emission times: t, = 0.1T, (A), t,=0.2T, (B), t, = 0.3T, (C), and t, = 04T, (D).

redistributed radiation field on the detective plane was deter-
mined by the observation distance d. On the initial emission
plane, when d = 0, the radiation field distributions remain iden-
tical with the LG scattering laser. With the increase of the obser-
vation distance, the irradiating position on the detective plane
would consequently deflect along the local laser vector potential
(red arrows), as shown in the insets. In the backscattering con-
figuration, the redistributed radiation field that inherit the OAM
of the scattering LG laser would rotate in the angular frequency
Q =2Q, where the Q is the angular frequency of the scattering
laser. In addition, the radiation pattern would continuously
evolve in period. The reason for this interesting phenomenon is
the variation of the distortion field that electron experiences. The
radiation intensity is proportional to the f8 term, and the local
laser field that each petal experience, i.e., which continuously
shapes the petal into different patterns, varies as the rotation. The
collective radiation power is almost constant in one period; hence,
the radiation field strength is inversely proportional to the petal
area, which could be easily seen in Figs. 5 and 6. In the aspect of
the angular momentum conversion, the 7 X E raq could be
regarded as the electromagnetic moment of inertia of the radia-
tion field, which is near constant as the evolution of the radiation
pattern.

The angular distribution of the radiation intensity and the
radiation spectra were calculated by the built-in Quantum electro-
dynamics (QED) module (Fig. 7A and B) of the PIC code and
the classic electrodynamics method (Fig. 7C and D), as pre-
sented in Fig. 7. Considering the extremely relativistic intensity
of the scattering LG laser, the QED module was triggered to
work as the auxiliary verification, but the effect of the radiation
reaction is still negligible. The total photon yield obtained from
the QED module was used to estimate the quantitative spectra
of the classic electrodynamics method. By comparing Fig. 7A
to C, the angular distribution obtained from these 2 methods
are in good agreement. The radiation divergence angles in
the laser polarization and its perpendicular directions are
within 25 and 10 mrad, respectively. The split and deviation of
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Fig. 6. The theoretic spatial distributions of the radiation field strength on the initial emission plane (d = 0) with different emission times: t,=0.1T, (A), t,= 0.2T, (B),t,=0.3T,
(C),and t,=0.4T_ (D), and the corresponding redistributed radiation field distributions on the co-moving detective plane (d = 10 pm) are presented in the insets. The instant

vector potential distributions of the LG scattering laser are shown by the red arrows.

the divergence distributions came from the excess transverse
momentum that was obtained in the wake field, which could be
seen in Fig. 2B. The comparison of the photon energy spectrum
from the refocusing SPM scheme and the flat SPM scheme illus-
trated the significant increase of photon yield in the hard x-ray
to gamma-ray range thanks to the refocusing SPM, as shown in
Fig. 7B and D. According to the spectra obtained from the QED
module, the photon yield above 100 keV is about 4.3 X 10’ pho-
tons per shot, and the peak radiation brightness was estimated
to be 1 x 10** photons/s/mm*/mrad®/0.1% BW at 1 MeV.

Conclusions

In summary, this work investigated the gamma-ray vortex
burst in the nonlinear Thomson scattering when the energetic
electron bunch from the LWFA collides with the ultra-intense
LG laser that was reflected from the refocusing SPM. The nor-
mal Gaussian laser drives the wake field in the underdense
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plasma, which could accelerate the injected electrons to a mod-
erate energy. A refocusing SPM at the exit could convert and
refocus the incident Gaussian drive laser into a tightly focused
ultra-intense LG laser. As a result, the gamma-ray vortex bursts
in the nonlinear Thomson scattering process. The mechanism
of the twisted radiation was proved by the electron dynamics
in the scattering, and the interesting radiation field distortion
phenomenon due to the nonlinear effect was discovered in
this process. When the deflection angle of radiation emission
that was determined by the a/y becomes considerable in the
nonlinear scattering regime, the collective radiation field
would be twisted by the LG laser field. However, the electro-
magnetic moment of inertia of the evolving radiation pattern
would be nearly constant because of the angular momentum
conservation. Compared with the flat SPM configuration, the
refocusing SPM will boost the yield of vortical high-energy
photons to 4.3 X 10” photons per shot, and the peak brightness
of the twisted radiation was estimated to be 1 x 10> photons/s/
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Fig.7. The angular distribution of radiation intensity (left) and radiation spectra (right) that was obtained from the QED module (A and B) and the classic electrodynamics
method (C and D). The blue and red lines in the radiation spectra (B and D) indicate the results of the refocusing SPM case and the flat SPM case, respectively.

mm?*/mrad®/0.1% BW at 1 MeV, which might contribute to
the researches on nuclei excitation, astrophysics, and angular
momentum-related nuclear physics.
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